This paper presents an efficient phase preserving processor for the focusing of data acquired in sliding spotlight, TOPS (Terrain Observation by Progressive Scans) and ScanSAR imaging modes. They share in common a linear variation of the Doppler centroid along the azimuth dimension, which is due to a steering of the antenna (either mechanically or electronically) throughout the data take for the first two modes, and due to the burst mode in the ScanSAR case. Existing approaches for the azimuth processing can become inefficient due to the additional processing to overcome the folding in the focused domain. In this paper an azimuth scaling approach is presented to perform the azimuth processing, whose kernel is the same for all three modes. Data acquired by TerraSAR-X in sliding spotlight, TOPS and ScanSAR modes are used to validate the developed algorithm.
INTRODUCTION
Current spaceborne SAR systems have the capability to operate in stripmap, ScanSAR and spotlight imaging modes by using antennas electronically steered in elevation and alongtrack. This steering capability has also allowed an efficient implementation of the recently developed wide-swath TOPS (Terrain Observation by Progressive Scans) [1] mode. A clear example of this versatility is the TerraSAR-X satellite, designed to acquire images in stripmap, spotlight and ScanSAR modes, and which has also demonstrated imaging in the TOPS mode [2] . New imaging modes demand efficient processing algorithms. Typically, stripmap processors have been adapted to the needs of the different modes by adding pre-and/or post-processing steps, or new approaches have been developed. This paper proposes a unified approach for the processing of sliding spotlight, TOPS and ScanSAR imaging modes. In particular, the new contribution focuses on the processing of the azimuth signal, assuming range cell migration (RCM) has already been corrected. For this purpose, a new azimuth scaling approach, called baseband azimuth scaling (BAS) has been developed and first applied to TOPS processing [3] . This paper discusses in addition its use for sliding spotlight and ScanSAR processing.
The paper is organized as follows. Section 2 reviews the three imaging modes, analyzing the properties of the azimuth signal, while Section 3 presents the proposed SAR processor. Section 3.1 expounds the details for the ScanSAR case. A comment is also given concerning staring spotlight in Section 3.2, where it is shown that the proposed approach turns unsuitable with such a mode. Finally, Section 4 presents processing results from TerraSAR-X operating in sliding spotlight, TOPS and ScanSAR modes.
IMAGING MODES
The staring spotlight mode consists in the steering of the antenna so that the main beam is always pointing at the scene center. Doing so, the illumination time is increased, and consequently the resolution improved, but at the expense of scene extension along the azimuth dimension. A compromise between staring spotlight and stripmap is given by the sliding spotlight mode [4] , where the rotation center of the antenna beam is located beyond the swath, hence increasing the observed azimuth scene extension at the expense of azimuth resolution. Fig. 1(a) shows the time-frequency diagram (TFD) for the sliding spotlight mode. Note that the total azimuth bandwidth of a single target is greater than the PRF.
The ScanSAR mode is a well-known wide-swath imaging mode [5] , which extends the illuminated swath by periodically switching the antenna pointing to illuminate different subswaths. Therefore, the azimuth resolution is worse when compared to the stripmap case due to the smaller illumination time. Fig. 1(c) shows the TFD of one burst. It can be observed how the Doppler-centroid varies depending on the azimuth position of the target, and the total azimuth bandwidth lies within the PRF. The scene extension is larger than the raw data burst, hence requiring special attention when performing the azimuth focusing. There exist several approaches to solve this problem in an efficient way, and indeed BAS can also process ScanSAR data, as will be shown in Section 3. by means of steering the antenna in the along-track direction. To achieve the same swath coverage and avoid the undesired effects of ScanSAR, the antenna is rotated throughout the acquisition from backward to forward at a constant rotation rate, opposite to the spotlight case. The fast steering leads to a reduction of the observation time, and consequently a worsening of the azimuth resolution. However, now all targets are observed by the complete azimuth antenna pattern, and therefore the scalloping effect disappears and azimuth ambiguities and signal-to-noise ratio become constant in azimuth.
At the end of the burst, the antenna look angle is changed to illuminate a second subswath, pointing again backwards. When the last subswath is imaged, the antenna points back to the first subswath, so that no gaps are left between bursts of the same subswath. Fig. 1(b) shows the TFD of one TOPS burst. The total azimuth bandwidth spans several PRF intervals, as in the spotlight case. Note also, that the rotation center is located behind the sensor, and as it happens in the ScanSAR mode, the focused burst is much larger than the raw data burst, requiring special care when performing the azimuth focusing.
BASEBAND AZIMUTH SCALING
The theoretical formulation of baseband azimuth scaling was presented in [3] for the TOPS case. The same formulation applies for the sliding-spotlight case, while the ScanSAR case is approached in Section 3.1. The block diagram of the proposed processor appears in Fig. 2 . In order to accommodate the larger scene bandwidth in the sliding spotlight and TOPS modes, the data are divided in azimuth blocks (sub-apertures), similarly as done in [6] . Note that this is not necessary for the ScanSAR case. After the division into sub-apertures, the processing for each sub-aperture is continued with the corresponding Doppler centroid. To achieve a smooth subaperture recombination, the sub-apertures are formed with some overlap, e.g. 5%. The steps of RCM correction, secondary range compression (SRC) and range compression are carried out using the standard phase functions of the Extended Chirp Scaling (ECS) algorithm [7] (functions H 1 , H 2 and H 3 ) for each sub-aperture, but note that for this purpose other SAR processing kernels can also be used. Once in the range-Doppler domain, baseband azimuth scaling is performed, which consists of the phase functions H 4 , H 5 , H 6 and H 7 (see [3] for their analytical expressions). The first step is the removal of the hyperbolic azimuth phase and its replacement with a purely quadratic phase shape. In the next step, an azimuth inverse Fast Fourier Transform (FFT) is used for a transformation back to the azimuth/range-time. However, the total azimuth bandwidth of all sub-apertures still exceeds the PRF. Therefore a demodulation is carried out by using H 5 . In the sliding spotlight and TOPS modes the individual sub-apertures are assembled next. The effect on the signal due to the de-rotation function can be seen in Fig. 2 for both imaging modes. Due to the fact that now the data spectrum for all targets is demodulated, matched filtering and spectral weighting for sidelobe suppresion can be applied. An inverse FFT results in a focused signal. However, for phase preserving processing the data must be multiplied by H 7 . The proposed processor achieves phase preserving focusing in an efficient way without interpolations. Furthermore, the azimuth image sampling can be selected, which is of interest in TOPS and ScanSAR modes to avoid interpolations when combining the subswaths.
Processing of ScanSAR Data with BAS
ScanSAR is a special case concerning BAS, as no explicit rotation range exists. However, one can profit of the fact that changing the Doppler rate shifts the signals by an amount equal to
where ψ(t a ) is the squint angle at time instant t a . Since ψ(t a ) depends on the azimuth position of the target in the ScanSAR case, this step introduces an artifical rotation range, which can be used to de-rotate the azimuth spectrum and focus the signal using BAS. where α is a value between 0 < α < 1 and can be selected as a function of the desired azimuth image sampling. The final pixel spacing is then given by
where α must be large enough so that the final sampling accomplishes the Nyquist criterion for the given ScanSAR resolution. Note that r scl (r) is never equal to r, as that would mean that no shift of the signal in time is occurring for that particular range. Consequently, no artificial r rot would be introduced, preventing the use of BAS as such. Note that the sub-aperture formation and recombination are not necessary to process a burst in ScanSAR, as the azimuth bandwidth falls within the system PRF.
Discussion on Staring Spotlight
The staring spotlight mode is a particular realization of the sliding spotlight mode when the rotation range is at the scene center. This configuration prevents the use of the proposed BAS approach because after de-rotation the targets would have no modulation left. This is indeed the approach in [6] , where a subsequent FFT already focuses the data in the frequency domain (SPECAN approach). It might be possible to leave a small effective chirp rate in the signal, but then the targets at the scene edges would not be properly demodulated. Therefore, BAS is considered unsuitable for staring spotlight. At this point, it is interesting to find out the limits of BAS when processing sliding spotlight data, i.e. which should be the minimum rotation range in order to efficiently apply BAS. A possible way to evaluate this is by considering the stretching factor of the azimuth time axis carried out by BAS in the sliding spotlight case, which is given by α = rrot0 rrot0−rscl0 . A target with zero-Doppler position t 0 = t mid + Δt will appear focused at position t 0 = t mid + αΔt. Folding in time will occur whenever t 0 lies beyond half of the acquisition time, requiring an extension in time domain and hence reducing the efficiency of the proposed algorithm. Fig. 3(a) shows a sliding spotlight image processed with the proposed SAR processor using the BAS algorithm, with a nominal resolution of 1m×1m. The data were acquired on July 4, 2007 over the Chuquicamata copper mine, located in the Atacama desert, Chile. A Hamming window was applied in both dimensions for sidelobe supression. The flexibility of the phased array antenna of TerraSAR-X concerning the operational commanding have allowed an efficient implementation of the TOPS mode, even though this mode was not foreseen when designing the radar system. A data take over the Uyuni salt lake, Bolivia, was acquired on September 29, 2007. The TOPS acquisition consists of four subswaths, with a commanded azimuth resolution of 16 m. Fig. 3(b) shows the focused image, with a total of 8 bursts per subswath. The anticipated absence of scalloping is evident [2] .
EXPERIMENTAL RESULTS WITH TERRASAR-X DATA
V -174 Finally, Fig. 3(c) shows a ScanSAR data take acquired by TerraSAR-X on July 17, 2007 over Antarctica and processed with BAS. The commanded azimuth resolution is also 16m with four subswaths. There are a total of 55 bursts per subswath and no scalloping correction was applied. Fig. 3(d) shows the image processed by the operational TerraSAR-X processor based on ECS [7] , including the scalloping correction. Note that even after the correction the scalloping effect can still be observed.
CONCLUSION
This paper has presented a new azimuth scaling approach, named baseband azimuth scaling (BAS), which is suitable to process data acquired in sliding spotlight, TOPS and ScanSAR imaging modes. It achieves an efficient focusing of the azimuth signal, which results in an image sampling close to its resolution. Any kernel can be selected to perform the range-variant processing, but here the so-called ECS has been proposed [7] , with the benefit that the whole processing, including BAS, is performed without interpolations. BAS has also the advantage that the azimuth image sampling can be selected, which is useful in TOPS and ScanSAR in order to impose the same sampling to all subswaths, avoiding again the need of interpolations when combining them. Real data acquired by TerraSAR-X in sliding spotlight, TOPS and ScanSAR imaging modes have been used to validate the performance of the proposed processor.
